ABSTRACT The explosion in the number of machine-to-machine (M2M) devices, as envisioned in the Internet of Things (IoT), will create a significant challenge in terms of spectrum scarcity. One promising approach for addressing this problem is to accommodate the fast-growing M2M traffic with temporally unused or under-used licensed bands. In this paper, a cognitive M2M communications underlaying cellular network is studied where M2M devices reuse licensed spectrum of cellular users in an opportunistic and fair manner. In particular, we consider two fairness metrics: 1) proportional fairness; and 2) max-min fairness, and design two transmit power assignment strategies for M2M devices that achieve the global fairness objectives, while satisfying an interference temperature constraint at the base station (BS) side. Furthermore, we provide a heuristical floating-ceiling water-filling (FCWF) algorithm with little computational overhead to obtain the optimal solutions. The numerical results show that the proportional fair power assignment could maximize the joint system utility and improve average SINR, while denying data transmission to some M2M devices with high interfering channel gain to the BS; On the other hand, the max-min fair power assignment protects those with high interfering channel gain to the BS by offering them the largest possible power allocation, which is more applicable to scenarios where at least a minimum level of QoS should be guaranteed.
I. INTRODUCTION
The number of connected mobile devices is expected to reach 50 billion by 2020 [1] , which raises various requirements for new communication technologies that can accommodate the mass-scale data exchange, provide anywhere and anytime connectivity, and support a variety of new applications. Machine-to-machine (M2M) communication [2] has emerged as a key enabler for the implementation of Internet of Things (IoT) as it allows devices to communicate directly with each other without human intervention.
With the rapid evolution towards IoT era, ever-increasing demands for radio resources will create the so-called problem of spectrum scarcity [3] . On the other hand, it is observed that some licensed bands over different time and locations
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are unused or under-used. To improve the spectrum utilization, regulatory bodies (e.g., FCC) begun to open the temporally under-used licensed bands to unlicensed uses. Unlike traditional human-to-human (H2H) applications (e.g., voice and video streaming), M2M applications have very different requirements on a communication system due to their specific features, for example, the traffic volume originated at a single M2M device is relatively small and M2M traffic is usually intermittent. To improve spectrum efficiency, it is therefore more favorable to operate the M2M communication in the white space of the traditional H2H communication systems (e.g., 3G/4G cellular networks) rather than in newly allocated spectrum. Nevertheless, sharing spectrum resources between H2H cellular users and M2M devices inevitably results in co-channel interference among them. Such co-channel interference may degrade system performance unless they are well managed.
Cognitive Radio (CR) technology [4] can help to mitigate the interference effect in such environments. Empowered by the CR technology, M2M devices are able to sense and learn from their environment, and adapt transmission parameters in a real time manner, thereby generating little or even no impact on co-existing H2H cellular users (CUs). Cognitive M2M communication has received significant research attention, since Zhang et al. for the first time presented the concept of cognitive M2M communication underlying cellular networks [5] . The benefits of integrating cognitive M2M technology into smart grids, intelligent transportation systems, and UAV-based crowdsensing have been well investigated in [6] - [8] .
Despite the attractive advantages, power allocation in such architectures is highly challenging. This is owing to the inherent environmental dynamics associated with the wireless communication medium, the heterogeneous QoS requirements of M2M devices, and the stringent interference constraint at the BS side. Furthermore, existing resource allocation mechanisms in the literature mainly focus on improving the overall spectrum efficiency or energy efficiency [9] , [10] , leaving the fairness among users without being sufficiently investigated. In this paper, we focus on fairness of power allocation in cognitive M2M communications underlaying cellular networks. The main contributions of this paper are as follows:
• We propose two power allocation mechanisms that achieve the global fairness objectives (i.e., proportional and max-min), while satisfying an interference temperature constraint at the BS side.
• We provide a heuristical algorithm with little computational overhead to derive the optimal solutions. The proposed algorithm is context-aware and optimality-driven.
• Simulation results show that the proportional fair power assignment could maximize the joint system utility while denying data transmission to some M2M devices with high interfering channel gain to the BS; On the other hand, the max-min fair power assignment protects those with high interfering channel gain to the BS by offering them the largest possible power allocation. The remainder of this paper is organized as follows. Section II briefly reviews the related work. Section III presents the power allocation mechanism that achieves optimal utility proportional fairness. Section VI gives the power allocation mechanism that achieves optimal max-min fairness. Section V provides numerical evaluation. Finally, Section VI concludes this paper.
II. RELATED WORK AND MAIN INTEREST
Interference management in heterogenous networks (HetNets) has attracted great research interest over the past decade. One thread of research focuses on designing transmit power allocation policy for managing cross-tier interference. In [11] , Chandrasekhar et al. proposed a utility-based power control scheme where secondary users (SUs) choose transmit power in order to optimize their utility while being penalized for causing cross-tier interference to primary users (PUs). A non-cooperative game is formulated to model the interactions among PUs and SUs. The authors showed the existence and uniqueness of the equilibrium point. In [12] , Lin et al. proposed an optimal cross-layer resource allocation policy aiming at maximizing the throughput for each SU. The optimization problem is modelled as a non-cooperative game, the Nash equilibrium solution of which is obtained using a distributed algorithm. Niyato and Hossain [13] , Guruacharya et al. [14] studied the transmit power allocation in macro-femto HetNets with the emphasis on obtaining an incentive-compatible solution. Xie et al. [15] , Zhou et al. [16] focused on improving the power consumption efficiency in the design of spectrum resource sharing and transmit power allocation algorithm. Furthermore, by decoupling the control plane from the data plane [17] - [19] , it becomes easier to implement high efficient transmit power control and spectrum allocation using software defined networks (SDNs) [20] , [21] .
Since SUs tend to behave selfishly without considering the interference introduced to the CUs, another thread of research focused on applying pricing measures to incentivize SUs to cooperate with each other for mitigating interference. Several pricing schemes have been proposed for two-tier HetNets. In [22] , Shetty et al. proposed an incentive mechanism for the adoption of femtocells and analyzed the economic impact of deploying femtocells on the revenue of network operators. In [23] , Lin et al. proposed a integrated pricing and resource allocation framework aiming at optimizing the revenue of a monopolistic wireless service provider in a two-tier macrofemto network. In [24] , Yun et al. investigated mobile network operator's revenue, user surplus and social welfare under flat rate and usage-based pricing in a two-tier macrofemto network. The joint resources allocation and network revenue optimization problem has also been extensively studied in [25] - [27] .
Our work is inspired by a seminal work [28] , where Kang et al. proposed a price-based power assignment for the uplink transmission in HetNets. Assuming that the BS protects PUs by imposing interference prices on SUs, a Stackelberg leader-follower game is then formulated to study the competitive interaction between the BS and the SUs. The equilibrium of the Stackelberg game is obtained by solving both the utility optimization problem of the SUs and revenue optimization problem of the BS. Such incentive-based approach is intrinsically distributed, in that each SU selfishly optimizes its own utility based upon the locally collected information. However, we argue that: (i) the interference prices, updated dynamically based on time-varying channel conditions, may increase the SUs' uncertainty about their cost and the burden of dynamic decision making; and (ii) it is difficult for incentive-based approaches to satisfy the stringent interference constraint at the BS side without having perfect knowledge of users' preference.
In this paper, we focus on the uplink transmission analysis since most of M2M traffic is generated over uplink channels in M2M Communications Underlaying Cellular Networks. Instead of using pricing as a signal to control the received interference at the BS, we adopt a device-cooperative implementation for power control by assuming that each M2M device is able to sense and learn from their environment, and adapts transmit power in a real time manner to achieve optimization goals. An earlier version of this paper was presented at IEEE Globecom 2017 [29] , where we considered only one fairness metric (i.e., proportional fairness). The proportional fair power allocation strategy could maximize the joint system utility and improve average SINR, while denying data transmission to some M2M devices with high interfering channel gain to the BS. This motivates us to consider another fairness metric (i.e., max-min fairness). The performance of the two power allocation strategies in terms of utility, average SINR, and dropping probability, is extensively compared in this paper.
III. UTILITY OPTIMIZATION AND PROPORTIONAL FAIRNESS
As shown in Fig.1 , we consider the uplink of a single-cell cellular network, where multiple M2M transmitter (Tx) and receiver (Rx) pairs locate inside the coverage of the BS and share the same licensed spectrum with CUs. The set of M2M pairs is denoted by N . The licensed spectrum is partitioned into orthogonal subchannels, and each M2M pair reuses a single subchannel for data transmission. An interference temperature constraint is imposed on M2M transmitters (M2M-Txs) in order to control the overall interference introduced to CUs. For simplicity, we assume that the state of all channels stays unchanged and perfect CSI is available at the BS over the considered time slot. The impacts of channel estimation errors on the system performance is out of the scope of this paper since our main objective is to explore the upper bound of the system utility that can be achieved via a fair power assignment in cognitive M2M communication architectures. Furthermore, empowered by the CR technology, M2M devices are able to communicate with the BS and and adapt transmission parameters accordingly.
The channel power gain from M2M-Tx i to M2M-Rx j is represented by h j,i , and the channel power gain from M2M-Tx i to the BS (i.e., interfering channel gain) is given by g i . The transmit power level for M2M-Tx i is denoted by p i . The received signal to interference plus noise ratio (SINR) at M2M-Rx i for M2M-Tx i can therefore be expressed as
where N \i denotes all M2M-Txs except M2M-Tx i; p −i denotes a set of transmit power allocated for all M2M-Txs except M2M-Tx i, and σ 2 is the background noise level. A summary of the main notations used throughout the paper is given in Table 1 . We further assume that M2M Tx-Rx pairs that reuse the same subchannel are located far away from each other (i.e., sparse-deployment scenario [28] ). This way, the co-tier interference could be negligible, namely, h i,j = 0, ∀i = j. The problem of solving transmit power allocation can therefore be simplified, and a closed-form power allocation solution can be obtained.
The received SINR at M2M-Rx i for M2M-Tx i is denoted by γ i as follows:
Utility of M2M-Tx i is modeled as a logarithm function of received SINR:
where λ i is a user-dependent factor indicating the scale of its utility function (henceforth referred to as utility gain).
A. UTILITY OPTIMIZATION
We first formulate the power allocation as a problem to optimize the total utility of all M2M devices under the interference constraint.
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Problem 1:
where Q denotes the maximum level of interference that the BS can tolerate. Proposition 1: The overall utility is maximized when the co-channel aggregate interference at BS reaches the maximum level of interference, i.e., i∈N p i g i = Q.
Proof: Assume that the overall utility is maximized when i∈N p i g i < Q, then at least there is a M2M-Tx j that can increase its utility by increasing its power level by
without reducing the utility of other M2M-Txs. Hence, we prove that the overall utility is maximized when the interference at BS reaches the maximum level of interference by contradiction.
According to Proposition 1, Problem 1 could be transformed to the following problem.
Problem 2:
Proposition 2: The optimal solution ({p * i }, i ∈ N ) for Problem 2 is unique:
where v * is a Lagrangian multiplier which satisfies:
with (·) + = max(·, 0). Proof: The objective function shown in Eq. (5), is a strictly concave and increasing function of p. The constraints are affine. Hence, Problem 2 is a convex optimization problem, which can be solved by using the Karush-Kuhn-Tucker (KKT) optimality conditions [30] .
The corresponding Lagrangian form of problem 2 is
where u = {u i } and v are Lagrangian multipliers.
The KKT conditions are given as follows:
Dual feasibility:
Eliminating u, we have:
The stationarity and complementary slackness in Eq.(10) imply that:
and
Equation (12) can be rewritten as follows:
with (·) + = max(·, 0). Transmit power allocation {p * i } i∈N needs to be feasible (i.e., i∈N p * i g i = Q), which gives
We first consider that all M2M-Txs are being homogeneous, namely, they have the same utility gain λ (i.e., λ i = λ, ∀i ∈ N ). Equation (14) is then transformed to the following equation:
Equation (15) is a piecewise-linear increasing function of λ v * , with breakpoints at
. Therefore, there is a unique solution for Eq. (15) . A water-filling algorithm [30] is employed to obtain the optimal solution. As shown in Fig.2 ,
is 80792 VOLUME 7, 2019 regarded as the ground level of water tank i. We then increase the flood level until the total amount of water reaches Q. The depth of water in tank i is then the optimal value of g i p * i . Then, we extend the analysis to the case that M2M-Txs are heterogenous in terms of utility gains. As shown in Fig.2(b) , the ceiling height of tank i (i.e., λ i v * ) is then proportional to the utility gain λ i (floating ceiling). Similarly, we increase the flood level until the total amount of water reaches Q. The depth of water in tank i is then the optimal value of g i p * i .
FIGURE 2.
Illustration of floating-ceiling water-filling (WCWF) algorithm.
Algorithm 1 summarizes the steps involved in finding optimal transmit power allocation strategies at each BS. The computational complexity is: O(|N | 2 ). Note that a larger perturbation v can reduce computational time, but leads to a larger gap between the actual interference introduced and the maximum level of interference allowed (i.e., Q).
B. PROPORTIONAL FAIRNESS
Any discussion of the efficiency of a transmit power allocation scheme must simultaneously consider the issue of fairness among users. In this subsection, we first introduce the concept of proportional fairness and then show that optimizing the total utility of all M2M devices leads to a proportional fairness. if i∈N p i g i > Q then 10 :
Algorithm 1
else 12 :
end if 14: for i = 0 to |N | do 15 :
end for 17: end while 18: for i = 1 to |N | do 19: p * i = p i 20: end for Definition 1: A power allocation vector {p i } i∈N is proportional fair if for any other power vector {p i } i∈N , the aggregate of the proportional changes is non-positive, i.e.,
Proposition 3:
The optimal solution for Problem 3 is proportional fair.
Proof: The logarithmic utility function is intimately associated with the concept of proportional fairness. Please refer to [31] for detailed proof.
C. POWER ASSIGNMENT EXAMPLES
In this subsection, we show some examples of power assignment such that the allocation achieves optimal utility proportional fairness. For simplicity, we consider a single-cell cellular network, where three M2M pairs locate inside the coverage of the BS.
We assume that utility gain λ i , ∀i are all equal to 1. The channel gains are given as follows: h 1,1 = 1, h 2,2 = 1, h 3,3 = 1, g 1 = 0.01, g 2 = 0.1, and g 3 = 1 [28] .
Observation 1: As shown in Fig.3 , both the transmit power allocation and the individual utility increase with the increasing of power interference constraint Q. The lower the interfering channel gain from a M2M-Tx to the BS, the higher transmit power level the user obtains and the higher individual utility the M2M-Tx achieves. This is because the proportional fair power assignment in nature benefits those M2M-Txs with less interference to the BS in order to achieve maximum joint system utility. It should also be noted that when Q ≤ 2, both the power assigned to and the utility of M2M-Tx 3 (the one with the highest interfering channel gain to the BS) equal to 0, which implies that the data transmission of M2M-Tx 3 is denied when the power interference constraint is low.
Observation 2: The Lagrangian multiplier v has several interpretations. We may view v as the implied cost of unit interference on BS. Alternatively, v is considered as the shadow price of additional interference at BS. According to the results shown in [28] , the revenue at the BS side could be maximized when appropriate interference prices are imposed on M2M-Txs. As shown in Fig.4 , the shadow price imposed on M2M-Txs decreases with the increasing of the power interference constraint Q. 
IV. MAX-MIN FAIRNESS
As shown in the above section, the proportional fair power allocation strategy may deny data transmission to some M2M devices with high interfering channel gain to the BS, which makes the proportional fair allocation not applicable to scenarios where at least a minimum level of QoS should be guaranteed. This motivate us to consider another commonly used fairness criterion: max-min fairness. Loosely, a set of power allocation is max-min fair if no M2M-Tx's utility could be increased without simultaneously decreasing the utility level of another which is already smaller. This definition states that a max-min fair allocation gives the most poorly treated user (i.e., the user with the lowest utility) the largest possible transmit power [32] .
Formally, a max-min fair power allocation in cognitive M2M communications underlaying cellular networks is defined as follows.
Definition 2: A power allocation vector {p i } i∈N is max-min fair, when it is impossible to increase the utility of M2M-Tx i without losing feasibility or reducing the utility of another M2M-Tx j with a utility λ j log(1 +
Following the above definition, our problem is then formulated as follows.
Problem 3:
where Q denotes the maximum level of interference that the BS can tolerate; and γ min i indicates the individual SINR constraint that user i must achieve for successful communication. Problem 3 is solved in two different ways which will be presented in remainder of this section.
A. OPTIMALLY SOLVING THE PROBLEM
MATLAB [33] provides an optimization solver (i.e., fminmax) for the min-max constraint problem. In order to use the solver fminmax, we rewrite the Problem 3 as follows.
where
. fminimax internally reformulates the minimax problem into an equivalent Nonlinear Linear Programming problem by appending additional (reformulation) constraints of the form −λ i log(1 + p i h i,i σ 2 ) ≤ γ to the constraints given in Eq. (18), and then minimizing γ over p. fminimax uses a sequential quadratic programming (SQP) method [34] to solve this problem, which is proved to be NP-hard in [35] . Hence, obtaining an optimal solution for a large scale network is therefore not feasible since the computation complexity increases exponentially with the number of M2M-Txs.
B. HEURISTICALLY SOLVING THE PROBLEM
In this subsection, we develop a heuristic algorithm which solves the problem much faster than the optimal approach. We transform the problem 3 by introducing a new decision variable z which captures min i∈N λ i log(1 +
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Problem 4:
Proposition 4: The optimal solution ({p * i }, i ∈ N ) for Problem 4 is unique:
where i∈N p min i g i −Q ≤ 0, and z * should satisfy:
Proof: see Appendix
Algorithm 2 Steps Involved in Finding Max-Min Fair Power
Assignment at Each BS 1: Inputs:
Consider a small feasible perturbation z 9: z ⇐ z + z 10: for i = 0 to |N | do 11: 
end for 13: end while 14: z * ⇐ z − z 15: for i = 1 to |N | do 16 :
17: end for
Algorithm 2 summarizes the steps involved in finding max-min fair transmit power allocation strategies at each BS. The computational complexity is: O (|N | 2 ) . Note that a larger perturbation z can reduce computational time, but leads to a larger gap between the actual interference introduced and the maximum level of interference allowed (i.e., Q).
C. TRANSMIT POWER ASSIGNMENT EXAMPLES
In this subsection, we show an example of power assignment such that the allocation achieves optimal utility max-min fairness. We also consider a single-cell cellular network, where three M2M pairs locate inside the coverage of the BS.
Similarly, we assume that utility gain λ i , ∀i are all equal to 1. The channel gains are given as follows: h 1,1 = 1, h 2,2 =  1, h 3,3 = 1, g 1 = 0.01, g 2 = 0.1, and g 3 = 1 . 
Observation 3:
As shown in Fig.5 , both the transmit power allocation and individual utility increase with the increasing of power interference constraint Q. Comparing among M2M-Txs, in order to achieve max-min fair power allocation, the one with lower interfering channel gain to the BS could obtain higher power allocation. Compared to the proportional fair power assignment, the max-min fair power assignment protects those with high interfering channel gain to the BS by offering them the largest possible power allocation. The utility of each M2M-Txs is always positive as long as Q > 0.
V. NUMERICAL EVALUATION
To this end, we proposed two power allocation schemes that achieve either optimal utility proportional fairness or max-min fairness, while satisfying an interference temperature constraint at the BS side. The proposed schemes are termed proportional and max-min hereafter. In this section, simulations (implemented in Matlab R2016b 1 ) are conducted to validate the performance of the proposed schemes. For the purpose of comparison, we introduce even-power and pricebased [28] schemes as follows.
• Even-power: transmit powers allocated for different M2M-Txs are identical. The transmit power is leveraged until the overall interference at BS equals to Q.
• Price-based: optimal transmit powers and prices for different M2M-Txs are set according to Eq. (15) and Eq. (24) shown in [28] . We consider a single-cell cellular network where three M2M pairs are randomly placed in the vicinity of the BS. A free-space propagation model is used to determine the power level at each receiver. Due to the path loss, the channel power gain drops as the distance between the M2M-Tx and the BS (or M2M-Rx) increases. We set the path loss exponent α as 2. Hence, the path loss is calculated as d −α , where d is the distance. Since the distances between M2M-Txs to M2M-Rxs are small, we select the channel gains from M2M-Txs to M2M-Rxs as: h 1,1 = h 2,2 = h 3,3 = 1, for simplicity. On the other hand, the distance between a M2M-Tx and the BS is randomly selected from the rage: (0, 200] m. Without loss of generality, we assume that the utility gains are randomly distributed in the interval (0, 1]. Each simulation scenario is repeated for 10 3 times. 
Observation 4:
As shown in Fig.6 and Fig.7 , both the total utility of M2M-Txs and the average SINR increases with the increasing of interference power constraint. The proposed proportional method outperforms the others in terms of joint system utility and average SINR. Comparing with the maxmin, even-power, and price-based methods, the joint system utility of the proposed proportional method is increased by 97.1%, 19.3%, and 3.5%; the average SINR of the proposed proportional method is increased by 117.6%, 202.5% and 97.4% respectively. This is not surprising, because in the proposed proportional method, higher transmit power is assigned to the M2M-Txs with less interference to the BS. As a consequence, the total utility and average SINR could be improved.
Observation 5: As shown in Fig.8 , comparing with the proportional, even-power, and price-based methods, the lowest utility of the proposed max-min method is increased by 74.9%, 25.2%, and 38.3%, respectively. This is because max-min fair allocation intrinsically gives the most poorly treated user (i.e., the user with the lowest utility) the largest possible share, without wasting any network resources.
Observation 6: As shown in Fig.9 , both the proposed proportional method and price-based method deny data transmission to some M2M-Txs (i.e., power allocation equals to 0). In price-based method, M2M-Txs voluntarily set their transmit power to 0 if the utility gained is higher than the price charged; while in the proposed proportional method, the transmit power is forcibly set to 0 for M2M-Txs with lower utility gain or higher interfering channel gain to the BS in order to optimize the total utility. The dropping probability decreases with the increasing of interference power constraint.
To further quantify the fairness achieved, we adopt the concept of fairness index. Suppose U i is the utility of M2M-Tx i, then we define the fairness index β to be where n is the number of M2M-Txs over which the transmit power is being allocated. The balance index has the property that it is 1 when all M2M-Txs have exactly the same utility. When the cells are heavily unbalanced, it gets closer to 1 n . Observation 7: As shown in Fig.10 , the fairness index also increases with the increasing of interference power constraint. Comparing with the proportional, even-power, and price-based methods, the lowest utility of the max-min method is in average increased by 47.2%, 25.6%, and 35.4%, respectively.
VI. CONCLUSION
In this paper, we provide two floating-ceiling water-filling based power allocation algorithms for cognitive M2M communications underlaying cellular networks that achieve optimal utility proportional fairness (optimizing the total utility of M2M-Txs at the same time) and max-min fairness, respectively, while satisfying an interference temperature constraint at the BS side. Numerical results confirm that the proposed proportional method improve both the total utility and average SINR significantly while may cause starvation of M2M-Txs with high interfering channel gain to the BS; on the other hand, the proposed max-min method protects the M2M-Txs with high interfering channel gain to the BS and increases the fairness index consequently.
APPENDIX PROOF OF PROPOSITION 4
Proof: The corresponding Lagrangian form of problem 4 is
where u = {u i }, v, and w = {w i } are Lagrangian multipliers.
The KKT conditions are given as follows: 
Eliminating u, we have: 
where i∈N p min i g i −Q ≤ 0, otherwise Problem 4 has no feasible solution.
Equation (26) 
